ABSTRACT The aim of this study was to verify the hypothesis that moderate dilution of turkey diets with whole grain wheat (up to 22.5%) improves gastrointestinal function, thus contributing to sustained growth performance. A total of 900 male turkeys were allocated to 5 dietary treatments: basal diet (BD), BD diluted with low levels of ground and pelleted wheat or whole wheat, and BD diluted with high levels of ground and pelleted wheat or whole wheat (GH and WH, respectively). At successive stages of the experiment, diets containing 5 and 15%, 7.5 and 17.5%, 10 and 20%, 12.5 and 22.5% of wheat in different physical form were fed to turkeys aged 5 to 8, 9 to 12, 13 to 16, and 17 to 18 wk, divided into subgroups with low and high dietary levels of wheat, respectively. Dietary dilution with different levels of wheat did not reduce the BW gain of turkeys and did not deteriorate feed conversion despite a decrease in the amino acid content of diets. In comparison with BD, diet GH increased the thickness of the muscularis externa and the depth of cecal crypts (P < 0.05), increased Bacteria domain, and decreased Salmonella counts (P < 0.001), increased butyric acid concentrations, and decreased the levels of putrefactive compounds in the cecal digesta (P < 0.001). In comparison with BD, diet WH improved feed efficiency (P = 0.002) and contributed to significant (P < 0.01) changes in the parameters of gastrointestinal function, including lower pH of gizzard digesta, increased depth of jejunal crypts, lower ammonia concentrations, and lower pH of intestinal digesta, increased Bacteria and Bifidobacterium counts, decreased Salmonella counts, and higher concentrations of butyric acid and total shortchain fatty acids. In comparison with diet GH, diet WH enhanced the activity of bacterial α-glucosidase and β-glucosidase as well as α-galactosidase, reduced the activity of β-glucuronidase, and increased total fatty acid concentrations, mainly acetic acid levels, in the cecal digesta (P < 0.01). The observed changes indicate that diet supplementation with wheat grain enhances gastrointestinal function, thus improving feed conversion in turkeys.
INTRODUCTION
In poultry, feed particle size can affect the development and function of the gastrointestinal tract (GIT) through feed intake, the activity of exogenous and endogenous enzymes, and changes in intestinal morphology . Fine grinding of some cereals does not contribute to improved performance in broiler chickens, compared with the application of whole grain (Rodgers et al., 2012) . The results of previous experiments show that whole grain can be used in poultry nutrition to reduce feed costs related to transport and processing (Bennett et al., 2002a) . In recent years, feeding larger particle size and whole grain to poultry has gained increasing popularity because it is believed to improve gizzard function and bird health Biggs and Parsons, 2009 ). There are grounds to expect that improving the size and activity of the gizzard may improve nutrient digestibility (Nahas and Lefrancois, 2001) , exert an antimicrobial effect (Hetland et al., 2002) , improve the morphology of the intestinal tract through increased peristaltic movement (Taylor and Jones, 2004) , and increase bird performance (Ravindran et al., 2006) .
In one of the first experiments on turkeys with a choice-feeding test, the birds voluntarily consumed half of the ration as whole barley (Cowan and Michie, 1977) .
Gastrointestinal morphology and function in turkeys fed diets diluted with whole grain wheat
Later, a similar experiment showed that turkey poults fed a starter diet and whole wheat in a free-choice feeding system were characterized by higher growth performance in terms of daily gains and final BW (Erener et al., 2006) . The inclusion of whole barley in the diet of young turkeys reduced total mortality rates and the incidence of leg and skeletal problems, but it also slowed the early growth rate (Bennett et al., 2002b) . The beneficial effects of diluting poultry diets with whole grain are probably due to better adaptation of the diets to bird requirements (i.e., reducing the protein level with age) and improved gizzard and gut function (Svihus, 2011) . In other studies, however, diets diluted with high levels of whole wheat (up to 50% of the diet) without extra synthetic amino acid supplementation contributed to large reductions in BW, feed efficiency, and breast meat yield (Bennett and Classen, 2003) . Because previous research findings have been inconsistent and contradictory, there is a need for comprehensive studies to assess the suitability of whole wheat as a component of turkey diets, particularly in view of the fact that turkeys are more sensitive to nutrient deficiency than chickens.
The aim of this study was to determine whether moderate dietary dilution with whole grain wheat (up to 22.5%) can improve GIT function through exerting a beneficial influence on the architecture of intestinal mucosa and microflora composition.
MATERIALS AND METHODS

Birds, Management, and Diets
The experiment was carried out at the Research Laboratory of the Department of Poultry Science, University of Warmia and Mazury in Olsztyn (Poland), on 900 male BIG-6 turkeys randomly assigned to 5 dietary treatments. Each experimental group consisted of 180 male turkeys (6 replicates of 30 birds each) aged 5 to 18 wk. The animal protocol used in this study was approved by the Local Animal Care and Use Committee (Olsztyn, Poland), and the study was carried out in accordance with EU Directive 2010/63/EU for animal experiments (OJEU, 2010) . The birds were kept in pens on litter in a building with a controlled environment. The temperature and lighting program were consistent with the recommendations of Aviagen Turkeys (2012) . The birds had free access to feed and water.
The experiment consisted of 5 treatments including a control diet without any dilution with wheat and 4 additional diets forming a 2 × 2 factorial design with 2 wheat forms (ground and whole) and 2 levels of wheat inclusion (low and high). Control group turkeys were fed a pelleted basal diet (BD) formulated to meet the nutrient requirements of growing turkeys, as recommended by the British United Turkeys (Aviagen Turkeys, 2012) for CP, amino acid, and AME content, and by the NRC (1994) for Ca and available P content.
In experimental groups GL, WL, GH, and WH, BD were diluted with different (low and high, respectively) amounts of ground and pelleted wheat or whole wheat, respectively. The composition and calculated analysis of the diets are given in Table 1 . The amino acids in the diets were formulated on a total amino acid basis.
Wheat grain was ground with a hammermill (Jesma Co., Sprout Matador, Denmark), at 3,000 rpm/min and a screen diameter of 4 mm. The BD and ground wheat were pelleted using the same pelletizer machine (Jesma Co., Sprout Matador, Denmark), at approximately 60°C. In wk 5 to 8, the diameter of BD pellets was 3 mm, and the diameter and length of wheat pellets were 4 mm and approximately 2 to 3 mm, respectively. In wk 9 to 18, the diameter of BD pellets and wheat pellets was 4 mm.
Wheat grain from the same batch was used in all dietary treatments, and its chemical composition was estimated based on CP content (120.0 g/kg) and Polish feedstuff analysis tables (Smulikowska and Rutkowski, 2005) . In the first 4 wk of the experiment, ground and pelleted wheat and whole wheat were added to BD in the amounts of 5 and 15%, respectively, and their content was increased by 2.5% in successive feeding periods to reach 12.5% in groups GL and WL and 22.5% in groups GH and WH in the last 2 wk of the experiment. The applied diets had a similar energy value owing to a similar calorific value of the BD and added wheat (3,060 kcal/kg). In comparison with the control diet, BD dilution with a low and high level of wheat grain decreased the average protein content of experimental diets by 3.4 and 8%, respectively.
The trial lasted for 126 d. The birds were weighed at the beginning of the experiment (29 d of age). At the end of each feeding period, on d 56, 84, and 126 of the experiment, the BW of birds and feed intake were recorded. Body weight gain (BWG) and feed conversion ratio (FCR) was calculated for each period. Mortality rates were recorded daily, and the weights of dead birds were used to adjust ADG, ADFI, and FCR.
Sampling Collection and Chemical Analyses
After 18 wk of feeding, 8 birds representing the average BW of each group (40 birds in total) were killed by cervical dislocation. After laparotomy, segments of the digestive tract (i.e., small intestine and ceca) with contents were collected, emptied, and weighed. As soon as possible after euthanasia (approximately 20 min), the pH of gizzard, jejunal, ileal, and cecal digesta was measured (an average from 3 readings) directly in the intestinal segment using a microelectrode and a pH/ ION meter (model 301, Hanna Instruments, Vila do Conde, Portugal). Ammonia extracted from fresh cecal digesta was trapped in a solution of boric acid in Conway's dishes, and determined by direct titration with sulfuric acid. The DM of cecal digesta was determined at 105°C. Dietary dilution levels, low (L) and high (H), were applied as ground or whole wheat grains. BD = basal diet not supplemented with wheat.
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The chemical composition of wheat grain was estimated based on the CP content (120.0 g/kg, as-fed basis) and Polish feedstuff analysis tables: AME, 3,060 kcal/kg; ether extract, 20 g/kg; crude fiber, 25 g/kg; Lys, 3.4 g/kg; Met + Cys, 4.7 g/kg (Smulikowska and Rutkowski, 2005 In each group, intestinal wall samples of 1 cm were collected for histological analysis from the duodenal loop, jejunum, and cecum of 4 randomly selected birds. Three cecal digesta samples were obtained, including 1 g for microbiological analyses, 0.4 g for the determination of microflora enzyme activity, and 0.2 g for the determination of short-chain fatty acid (SCFA) concentrations. The histological analysis procedure is described in the following section of the study, and the samples for the determination of enzymatic activity and SCFA concentrations were transferred to test tubes and stored at −70°C until needed. After digesta sampling, the ceca were flushed with water, blotted on filter paper, and weighed.
Histological Examinations
Samples of intestinal tissue were fixed in Bouin's solution (Gabe, 1976) , dehydrated and paraffin-embedded. Longitudinal, consecutive paraffin sections, 10 μm thick, were prepared and stained with hematoxylin-eosin (Zawistowski, 1986) . Morphometric analyses were performed on sections selected by systematic random sampling: every 100th section was chosen to obtain 4 sections of the duodenal loop, jejunum, and cecum for each bird. Images of randomly selected areas of the duodenal, jejunal, and cecal walls for each bird (10 from each section) were registered at an objective magnification of 20×, using an Olympus DP-12 digital camera (Olympus Optical Co., Tokyo, Japan). The following measurements were performed: height of the villi, depth of the crypts of Lieberkühn, and thickness of the muscularis externa. The measurements of the intestinal structures were performed using the Zeiss Axiovision LE image analysis program, version 4.1. (Carl Zeiss MicroImaging GmBH, Berlin, Germany). We selected images randomly and analyzed 10 images of each structure for each bird (40 images for each group). The mean length or thickness of intestinal structures were calculated.
Microbiological Analysis of Cecal Digesta by Fluorescence In Situ Hybridization
Cecal digesta samples were weighed, diluted with PBS and placed in a homogenizer (Stomacher BagMixer 400, Interscience, St Nom, France). After homogenization, supernatant samples were fixed in paraformaldehyde (Sigma, Poznan, Poland) for 16 h at 4°C, as described by Fuchs et al. (2007) . Fixed suspension was homogenized for 5 min with the use of glass beads measuring 3 mm in diameter (Merck, Darmstadt, Germany). The remains of eukaryotic cells and undigested food were removed by centrifuging (5,000 × g for 5 min at 4°C; centrifuge MPW-350R, MPW Med. Instruments, Warsaw, Poland). The resulting supernatant was placed on white polycarbonate membrane filters with 0.2 μm pore size (Millipore, Ireland) using sterile filter units (Nalgene, Rochester, NY). Specimens were stored at −20°C until further analyses.
In situ hybridization was performed with the use of membrane filters according to standard procedures (Fuchs et al., 2007) . Group-specific probes (Thermo Fisher Scientific, Ulm, Germany) for the following sequences were used: for Bacteria domain, Eub338 5′-GCTGCCTCCCGTAGGAGT-3′; for Lactobacillus-Enterococcus, Lab151 5′GGTATTAGCA/TCT-GTTTCCA; for Bifidobacterium sp., Bif164 5′-CATC-CGGCATTACCACCC; for Salmonella spp., Sal 5′-TGCGGTTATTAACCACAACA-3′; for Clostridiaceae, Chis150 5′-TTATGCGGTATTAATCTYCCTTT; for Bacteroides, Porphyromonas, Prevotella sp., Bacto1080 5′-GCACTTAAGCCGACACCT-3′; for negative control, Non-Eub338 5′-CGACGGAGGGCATCCT-CA-3′.
Gram-positive bacteria were identified with the use of lysozyme for preparing and digesting cell walls. Lysozyme diluted in TE-HIS buffer [100 mM Tris-HCl (pH 8.0), 50 mM EDTA] was placed on membrane filters and incubated for 10 min at room temperature. The filters were then dried and dehydrated in ethanol. Ten μL of hybridization buffer (5 M NaCl, 20 mM Tris/ HCl, formamide in respective concentrations, distilled water, 0.01% SDS) with the applicable probe labeled with indocarbocyanine (Cy3) at a concentration of 50 ng/μL were placed on the filters. Hybridization was performed at 46°C for 90 min or at 35°C for 24 h, subject to the type of identified bacteria. Unbound probes were washed off with rinsing buffer (900 mM NaCl, 20 mM Tris/HCl, 5 mM EDTA, distilled water, 0.01% SDS) in a water bath at 48 or 37°C for gram-positive bacteria. The specimens were rinsed with distilled water and dried at room temperature. They were stained with DAPI solution with a final concentration of 1 μg/ mL (Porter and Feig, 1980) and covered with Citifluor and VectaShield immersion oils (4:1). The specimens were covered with coverslips and stored at −20°C until further microscopic analyses. Stained bacteria were analyzed under an epifluorescence microscope (Olympus BX51) using filters (BP 360-370 nm excitation filter, DM 400 nm, BA 420 nm) and Olympus Cell F software.
Microbial Enzyme Activity and SCFA Analysis
Bacterial glycolytic activity in the cecal digesta was measured by the rate of ρ-or o-nitrophenol release from their nitrophenylglucosides, according to the modified method of Djouzi and Andrieux, described by Juskiewicz and Zdunczyk (2004) . The following substrates were used:
The reaction mixture contained 0.3 mL of a substrate solution (5 mM) and 0.2 mL of a 1:10 (vol/vol) dilution of a cecal digesta sample in 100 mM phosphate buffer (pH 7.0) after centrifugation at 7.211 × g for 15 min at 4°C. Incubation was carried out at 39°C, and ρ-nitrophenol was quantified at 400 and 420 nm (o-nitrophenol concentration) after the addition of 2.5 mL of 0.25 M cold sodium carbonate. Enzymatic activity (α-and β-glucosidase, α-and β-galactosidase, and β-glucuronidase) was expressed as micromoles of product formed per hour per gram of digesta.
Cecal digesta samples were also subjected to a SCFA analysis by gas chromatography (Shimadzu GC-2010, Shimadzu, Kyoto, Japan). The samples (0.2 g) were mixed with 0.2 mL of formic acid, diluted with deionized water, and centrifuged at 7.211 × g for 10 min at 4°C. The supernatant was loaded onto a capillary column (SGE BP21, 30 m × 0.53 mm) using an on-column injector. The initial oven temperature was 85°C, and it was raised to 180°C by 8°C/min and held there for 3 min. The temperatures of the flame ionization detector and the injection port were 180 and 85°C, respectively. The sample volume for GC analysis was 1 μL.
Statistical Analyses
With regard to the performance parameters, each replicate pen (n = 6) was considered as an experimental unit for the statistical analysis. Other results were analyzed with every turkey as a replicate. The model assumptions of normality and homogeneity of variance were examined by the Shapiro-Wilk and Levene tests, respectively. The percentage data were transformed to arcsine of the square root before analysis to achieve the homogeneity of variance. In a model with a control group, the data of growth performance were subjected to 1-way analysis of covariance (ANCOVA) with initial BW as the dependent variable (covariate). The other results were subjected to 1-way ANOVA. The comparison of control BD vs. all other 4 diets was performed by planned contrast analysis. In addition, the post-hoc 2-sided Dunnett's test was used to compare of each the experimental group vs. BD group. In a model without BD group, the data of growth performance were subjected to 2-way ANCOVA with initial BW as the dependent variable. The other data were subjected to 2-way ANOVA to examine the effects: a) main effect of form of wheat (ground vs. whole), b) main effect of level of wheat (low vs. high), and c) interaction between form and level of wheat. When a significant interaction effect was noted, the Newman-Keuls test was used to determine the differences between the factors. The statistical analysis was performed according to the GLM procedure for Statistica 8.0PL software (StatSoft Corp., Krakow, Poland). Treatment effects were considered to be significant at P ≤ 0.05. All data were expressed as mean values with pooled SE.
RESULTS
Turkey Performance
Total mortality rates ranged from 3.4% in the group fed a BD to 1.7% in the groups fed experimental diets diluted with whole or ground wheat, but the differences between treatments were nonsignificant (data not shown). No significant differences in BWG were observed between the control (BD) group and experimental groups in successive feeding periods (Table 2) . At successive stages of the study and throughout the experiment, there were no significant differences in the BWG of turkeys resulting from the form of wheat. Two-way ANOVA revealed an decrease in BWG in response to a higher level of dietary dilution with wheat, in comparison with a lower dilution level in wk 5 to 8 (P = 0.001), but a increase in BWG was found in wk 13 to 16 (P = 0.005). As a result, the BWG values for the entire experimental period (5 to 18 wk) were similar. The interaction between the experimental factors (wheat form × dilution level) had no significant effect on the BWG and FCR of birds.
In wk 13 to 16 of experimental feeding, FCR values were significantly higher (P < 0.05) in group BD than in groups GH and WH. The FCR values for 5 to 18 wk were significantly lower in group WH compared with control group BD. Two-way ANOVA revealed an increase in FCR (P = 0.054) in response to a higher level of dietary dilution with wheat, in comparison with a lower dilution level in wk 5 to 8. The reverse trend was observed in wk 13 to 16 and 17 to 18; FCR was significantly higher (P = 0.001 and P = 0.049, respectively) in treatments with a lower level of diet dilution. Such an effect (P = 0.002) was also noted with regard to FCR calculated for wk 5 to 18. Interestingly, the physical form of wheat used for dietary dilution did not affect the FCR values calculated for successive feeding periods (i.e., 5-8, 9-12, 13-16, and 17-18 wk), but it influenced FCR calculated for the entire experimental period (wk 5-18; ground and pelleted wheat > whole wheat, P = 0.008).
Gastrointestinal Parameters
The applied dietary treatments had no effect on the weight of proventricular tissue (Table 3) . As shown by 1-way ANOVA, the weight of gizzard tissue was significantly (P < 0.05) higher in group WH, and the relative weight of small intestinal tissue was significantly (P < 0.05) lower in groups GH and WH, in comparison with group BD. The pH of gizzard digesta was significantly lower in experimental groups (except for group GH) than in the control group. The pH of jejunal contents was significantly higher in groups GL, GH, and WH than in the control group. Two-way ANOVA showed that the dietary dilution with whole wheat significantly increased (P = 0.001) the weight of gizzard tissue, com- pared with the application of wheat as ground grain.
The interaction between the level and form of wheat was significant (P = 0.044) for the relative weight of gizzard tissue; a higher level of dilution with wheat significantly increased gizzard weight only in turkeys administered whole wheat, and not ground grain. The dietary dilution with whole wheat caused a significant decrease (P = 0.023) in gizzard pH, compared with the ground wheat treatment. A higher level of dietary dilution significantly increased the value of ileal pH, and it significantly reduced the relative weight of small intestinal tissue, in comparison with a lower level of additional wheat (P = 0.013 and P = 0.017, respectively). In comparison with group BD, higher weight of cecal tissue was noted in groups WL and WH (P < 0.05), whereas higher weight of cecal digesta (P < 0.05) was determined in group GL (Table 4 ). In comparison with group BD, the DM content of the cecal digesta was significantly lower in groups GL and GH, the pH of cecal digesta was lower in group WH, and ammonia concentrations in the cecal digesta were lower in all groups fed diets diluted with wheat.
Two-way ANOVA showed that a higher level of dietary dilution significantly decreased the value of cecal pH and ammonia content in cecal digesta (P = 0.002 and P = 0.006, respectively), in comparison with a lower level of additional wheat. In comparison with ground wheat, whole wheat contributed to a higher weight of cecal tissue (P = 0.001), lower weight of cecal digesta (P = 0.001), and higher DM content of cecal digesta (P = 0.021).
Intestinal Histology
The experimental factors had no effect on the analyzed histological parameters of the duodenum (Table  5) . The values characterizing the thickness of the muscularis externa, depth of the crypts of Lieberkühn, and villus height in the jejunum and cecum of group GL turkeys were similar to those noted in group BD birds, whereas a significantly thicker muscular coat and deeper crypts were observed in the jejunum and cecum of group GH turkeys. A thicker muscular coat in the jejunum and deeper cecal crypts were observed in group WL, whereas the changes in group WH were more extensive in comparison with group BD, including significantly thicker muscularis externa, deeper jejunal crypts, and a thinner (nonsignificant difference) cecal muscular layer.
The results of statistical analyses indicate that jejunal crypt depth was significantly (P = 0.002) higher in high treatments than in low treatments, whereas the cecal muscular coat was thicker in the whole wheat treatments than in the ground and pelleted wheat treatments (P = 0.015). The wheat dilution × wheat form interaction was significant for villus height in the jejunum (P = 0.033) and muscular coat thickness in the ceca (P = 0.041). A higher level of dilution with wheat significantly increased villus height in the jejunum only in turkeys administered whole wheat, and not ground grain. A decrease in muscular coat thickness in the ceca was noted only in birds fed a whole wheat grain with higher level of dilution, and not a low level of dilution. 2 Group: BD = basal diet not supplemented with wheat; GL = BD with low dilution with ground wheat; GH = BD with high dilution with ground wheat; WL = BD with low dilution with whole wheat; WH = BD with high dilution with whole wheat. Composition of diets is given in Table 1 . 3 Wheat form: dietary dilution with ground wheat versus whole wheat, groups GL and GH vs. WL and WH, respectively. 4 Dilution level: low dilution level versus high dilution level, groups GL and WL vs. GH and WH, respectively.
*Means within the same column differ significantly from the control (BD) group at P < 0.05 as a result of Dunnett's mean comparison.
Population Size of Cecal Bacteria
Total bacterial counts in the cecal digesta were similar in all groups regardless of the applied dietary treatment (Table 6 ). In comparison with group BD, the populations of studied bacterial groups were similar in groups GL and WL, whereas significantly lower Salmonella sp. counts (P < 0.05) were noted in groups GH and WH and lower counts of anaerobic bacteria identified by the Bacto1080 probe (Bacteroides sp., Porphyromonas sp., 2 Treatment: BD = basal diet not supplemented with wheat; GL = BD with low dilution with ground wheat; GH = BD with high dilution with ground wheat; WL = BD with low dilution with whole wheat; WH = BD with high dilution with whole wheat. Composition of the BD is given in Table 1 . 3 Wheat form: dietary dilution with ground wheat versus whole wheat, groups GL and GH vs. WL and WH, respectively.
4 Dilution level: low dilution level versus high dilution level, groups GL and WL vs. GH and WH, respectively.
*Means within the same column differ significantly from the control (BD) group at P < 0.05 as a result of Dunnett's mean comparison. and Prevotella sp.) were observed in group WH. The results of statistical analyses indicate that high treatments, in comparison with low treatments, increased the counts of Bacteria domain (P = 0.028) and Bifidobacteria sp. (P = 0.015), and it decreased the counts of Salmonella sp. (P = 0.001). Significant differences were found in the percentage share of the most abundant group of Bacteria, Bifidobacterium sp., and bacteria of the genus Salmonella (Table 7) . In comparison with group BD, increased Bacteria counts were noted in groups GL, GH, and WH and lower Salmonella sp. counts (P < 0.001) were observed in all groups of turkeys fed diets diluted with wheat.
As shown by 2-way ANOVA, the high treatments increased the percentage share of Bacteria domain (P = 0.004), Bifidobacterium sp. (P = 0.020), and decreased Salmonella sp. (P = 0.004) compared with the low treatments.
Microbial Enzyme Activity and SCFA Concentrations in the Cecal Digesta
The differences in the amount and physical form of wheat that was used to dilute BD led to changes in the activity levels of some enzymes in the cecal microflora (Table 8) . In group GL, enzyme activity was similar to that noted in group BD, and higher activity of α-glucosidase was observed in group WL. Higher addition of ground wheat to BD (group GH) lowered the activity levels of β-glucosidase and α-galactosidase, whereas BD diluted with higher amounts of whole wheat (group WH) were characterized by higher activity of α-glucosidase and lower activity of β-glucuronidase.
Two-way ANOVA indicated that low and high treatments had no effect on the glycolytic activity of cecal microflora, except for a decrease in β-glucuronidase activity (P = 0.003). Whole wheat, compared with ground wheat, significantly increased the activity levels of α-glucosidase and β-glucosidase (P = 0.001 and P = 0.018, respectively) as well as α-galactosidase and β-galactosidase (P = 0.023 and P = 0.069, respectively), but it decreased β-glucuronidase activity (P = 0.023). The wheat dilution × wheat form interaction was significant as a higher level of BD dilution with ground pelleted grain reduced the β-glucosidase, and not whole wheat.
The concentrations of SCFA differed significantly subject to the applied dietary treatment (Table 9 ). In comparison with group BD, lower levels of isobutyric acid, isovalerianic acid, and putrefactive-SCFA (P-SC-FA), and higher concentrations of butyric acid were observed in groups GL, GH, and WL. The concentrations of acetic acid and total SCFA were higher in group WH.
The results of statistical analyses revealed higher concentrations of acetic acid (P = 0.004), butyric acid (P = 0.013), and total SCFA (P = 0.012), and lower levels of isobutyric acid (P = 0.010), isovalerianic acid (P = 0.001), and P-SCFA (P = 0.007) in the high treatment than in the low treatment. Higher concentrations of acetic acid (P = 0.016) and total SCFA (P = 0.041) were observed in the whole wheat treatment compared with the ground and pelleted wheat treatment. The following specific oligonucleotide probes were used: Eub338-Bacteria, Lab158-Lactobacillus and Enterococcus, Bif164-Bifidobacterium sp., Sal-Salmonella sp., Chis150-Clostridiaceae, Bacto1080-Bacteroides, Porphyromonas, and Prevotella.
3 Treatment: BD = basal diet not supplemented with wheat; GL = BD with low dilution with ground wheat; GH = BD with high dilution with ground wheat; WL = BD with low dilution with whole wheat; WH = BD with high dilution with whole wheat. Composition of BD is given in Table 1 . 4 Wheat form: dietary dilution with ground wheat versus whole wheat, groups GL and GH vs. WL and WH, respectively. 5 Dilution level: low dilution level versus high dilution level, groups GL and WL vs. GH and WH, respectively.
*Means within the same column differ significantly from the control (BD) group at P < 0.05 as a result of Dunnett's mean comparison. 2 The following specific oligonucleotide probes were used: Eub338-Bacteria, Lab158-Lactobacillus and Enterococcus, Bif164-Bifidobacterium sp., Sal-Salmonella sp., Chis150-Clostridiaceae, and Bacto1080-Bacteroides, Porphyromonas, and Prevotella.
3 Treatment: BD = basal diet not supplemented with wheat; GL = BD with low dilution with ground wheat; GH = BD with high dilution with ground wheat; WL = BD with low dilution with whole wheat; WH = BD with high dilution with whole wheat. Composition of BD is given in Table 1. 4 Dilution level: low dilution level versus high dilution level, groups GL and WL vs. GH and WH, respectively. 5 Wheat form: dietary dilution with ground wheat versus whole wheat, groups GL and GH vs. WL and WH, respectively.
*Means within the same column differ significantly from the control (BD) group at P < 0.05 as a result of Dunnett's mean comparison. 2 Treatment: BD = basal diet not supplemented with wheat; GL = BD with low dilution with ground wheat; GH = BD with high dilution with ground wheat; WL = BD with low dilution with whole wheat; WH = BD with high dilution with whole wheat. Composition of BD is given in Table 1. 3 Wheat form: dietary dilution with ground wheat versus whole wheat, groups GL and GH vs. WL and WH, respectively.
DISCUSSION
This study evaluated the physiological effects of 2 dietary treatments that differed in the amount and physical form of wheat (ground wheat and whole wheat) added to BD. On average, during the entire experimental period, the applied dietary dilution with low and high wheat levels decreased CP content by 3.5 and 7.6%, respectively, in comparison with the control group. The energy content of all diets was maintained at the same level during the study. As shown by experiments involving broiler chickens, standard diet dilution with up to 30% whole grain wheat does not decrease BWG (Bennett et al., 1995) . In one of the first experiments on turkeys (Classen and Bennett, 1996) , the growth rate of young birds was maintained when starter and finisher diets were diluted with only 5% and up to 35% wheat grain, respectively. In successive experiments performed by the above authors (Bennett and Classen, 2003) , a gradual increase in the amount of added wheat from 5 to 35% (21% on average) reduced the final BW of turkeys and negatively affected feed conversion. In our study, higher dilution of BD fed to turkeys from 4 wk of age, increasing from 15 to 22.5%, did not reduce the BWG of birds, and it did not deteriorate feed efficiency despite a substantial drop in the amino acid content of diets. Our results are consistent with the findings of Blair et al. (1989) who demonstrated that even a 20% decrease in the content of total protein, in particular amino acids, did not reduce the growth rate of turkeys provided that the energy content of diets was sufficiently high.
The results of other studies indicate that histological changes in the intestines of birds are insignificantly correlated with the protein content of poultry diets (Buwjoom et al., 2010) , and that the content and physicochemical properties of dietary fiber are more likely to induce physiological and histological changes Juskiewicz et al., 2009 ). The changes reported in this study, including increased depth of jejunal and cecal crypts, could probably be attributed to changes in the fermentation of nonstarch polysaccharides leading to an increase in butyric acid concentrations in total SCFA, compared with the control group. Butyric acid is more effective in inducing the proliferation of intestinal epithelial cells than acetic acid (Williams et al., 2001) .
The observed positive changes in intestinal microflora populations could have been induced by beneficial changes in fermentation processes, mainly due to a reduced CP content of turkey diets. The above observations are validated by lower ammonia concentrations in the cecal digesta and lower concentrations of putrefactive SCFA. Ammonia and branched-chain fatty acids, referred to as putrefactive compounds, are the products of protein fermentation in the cecum (Swanson et al., 2002) . Basal diet dilution with wheat increased the amounts of substrate needed for fermentation processes in the cecum. Increased amounts of substrate enhance the activity of beneficial intestinal microflora and reduce intestinal colonization by Salmonella pathogens (Teirlynck et al., 2009 ).
As shown in other studies where turkey diets were diluted with whole grain wheat (Amerah and Ravin- 3 Treatment: BD = basal diet not supplemented with wheat; GL = BD with low dilution with ground wheat; GH = BD with high dilution with ground wheat; WL = BD with low dilution with whole wheat; WH = BD with high dilution with whole wheat. Composition of BD is given in Table 1 . 4 Wheat form: dietary dilution with ground wheat versus whole wheat, groups GL and GH vs. WL and WH, respectively. 5 Dilution level: low dilution level versus high dilution level, groups GL and WL vs. GH and WH, respectively.
dran, 2008), an increase in gizzard tissue weight in our experiment should be considered as a physiological response to a larger amount of dietary whole grain wheat prepared for effective digestion in the small intestine. A similar increase in small intestinal and cecal weights was also reported in studies of chickens (Wu et al., 2004; Ravindran et al., 2006; . In this experiment, the dilution of BD with wheat lowered the pH of gizzard digesta, and it had no effect on the pH of jejunal contents. In other experiments, diet dilution with wheat produced varied results: the pH of duodenal and jejunal contents decreased (Engberg et al., 2004) or increased (Gabriel et al., 2003) , which could be due to differences in BD composition and dilution levels.
In one of the few experiments evaluating the effects of diet composition on intestinal morphology (Wu et al., 2004) , wheat grain had no influence on villus height, crypt depth, and the epithelial thickness of the ileum. In another study, lower crypt depth was observed in the duodenum, but no differences were found in the histological parameters of the jejunum and ileum of chickens fed diets with 20% wheat grain (Gabriel et al., 2008) . The present study showed that dietary dilution with whole wheat is followed by an increase in the thickness of the muscular coat and the depth of jejunal crypts, as well as by beneficial changes in cecal microbiota composition.
In other experiments, the inclusion of wheat in chicken diets did not affect the composition of intestinal microflora (Gabriel et al., 2008) or it exerted a beneficial effect, including a significant increase in Lactobacillus counts (Engberg et al., 2004) , a decrease in E. coli populations (Gabriel et al., 2003) , and reduced intestinal colonization by bacteria of the genus Salmonella (Bjerrum et al., 2005) . This is a well-known fact that a low pH of intestinal digesta rich in SCFA is the main factor inhibiting the growth of pathogenic bacteria (Lowry et al., 2005) . Our observations are consistent with those of Bjerrum et al. (2005) who found that a drop in Salmonella counts in the GIT can be attributed to the high sensitivity of this bacterial group to low pH levels as well as to the physiological effects of whole wheat, which prolonged the residence time of digesta in the gizzard and lowered its pH. A drop in the levels of bacterial β-glucuronidase activity can also be indicative of beneficial changes in the populations of intestinal microflora, including a decrease in pathogen counts (Zdunczyk et al., 2005) .
In the work of Biggs and Parsons (2009) , SCFA concentrations in the cecal digesta were not correlated with dietary wheat content. Similar results were reported in other experiments performed on chickens (Gabriel et al., 2003; Taylor and Jones, 2004) . In turn, Gabriel et al. (2008) suggested that wheat-supplemented diets improved gizzard function, increased nutrient digestibility, and decreased the amount of substrate for the growth of intestinal microflora. Our findings are different: wheat grain added to turkey diets increased SCFA concentrations in the cecal digesta and cecal wall weight. The SCFA concentrations in the intestinal digesta were also found to affect the proliferation of intestinal epithelial cells (Mathers et al., 1993; Topping and Clifton, 2001 ).
In conclusion, our study indicates that moderate dilution of BD with wheat, the content of which was increased gradually from 15 to 22.5%, does not reduce the final BW of turkeys, and that whole grain wheat improves their physiological parameters and growth performance. Supplementation of turkey diets with whole wheat improved feed conversion as a result of improved GIT function, lower pH of gizzard digesta, increased crypt depth in the jejunum, lower ammonia concentrations, and lower pH in intestinal digesta, a higher proportion of Bacteria domain and Bifidobacterium sp., and lower Salmonella sp. counts in intestinal microflora, increased concentrations of butyric acid and total SCFA in the cecal digesta.
